Using the unique capability of JET to monotonically change the amplitude of the magnetic field ripple, without modifying other relevant equilibrium conditions, the effect of the ripple on the angular rotation frequency of the plasma column was investigated under the conditions of no external momentum input. The ripple amplitude was varied from 0.08% to 1.5% in Ohmic and ion-cyclotron radio-frequency (ICRF) heated plasmas. In both cases the ripple causes counterrotation, indicating a strong torque due to nonambipolar transport of thermal ions and in the case of ICRF also fast ions. Plasma rotation is one of the central topics for toroidal plasma confinement and it is considered to play a key role in tokamak plasma performance. Plasma rotation can have a strong impact on plasma stability and confinement of fusion plasmas, through its ability to stabilize MHD modes [1] , affect the strength of transport barriers [2] , affect turbulence stabilization due to E Â B shear [3] , and reduce the profile stiffness in the presence of anomalous transport [4] . In present day experiments, rotation is often driven by the torques of neutral beam injection (NBI), while in an alpha-heated reactor the momentum input is expected to be small [5] . In reactors with high NBI power, the torque is still expected to be small due to the high injection energy needed for the beam to penetrate deep into the plasma, which reduces the torque per MW of injected power. Thus, there has been a growing interest in the intrinsic rotation of the plasma, which is observed to occur in the absence of momentum sources such as NBI. Besides its relevance for fusion reactors, the residual plasma rotation in confinement configurations, without momentum injection, is an interesting, and not yet understood, problem from a basic physics point of view that has attracted great theoretical and experimental interest in recent years. The extrapolation from intrinsic plasma rotation data observed in several machines suggests that a substantial rotation in the cocurrent direction, i.e., in the direction parallel to the plasma current, will occur in ITER [6] . However, an effect that is still to be accounted for when extrapolating intrinsic rotation observations to ITER comes from the toroidal ripple in the magnetic field, which appears in tokamaks due to the finite number of toroidal magnetic field coils. ITER will have 18 toroidal magnetic field coils and, a ripple amplitude ¼ B=B of 0.5% to 1.2% at the edge (depending on the configuration of ferritic inserts) [7] where B is the averaged toroidal magnetic field and B is the Fourier amplitude of the toroidal ripple. Since the ripple breaks the toroidal symmetry, the motion of individual particles may lead to nonambipolar transport that can affect the plasma rotation through the neoclassical toroidal viscosity [8] [9] [10] .
Plasma rotation is one of the central topics for toroidal plasma confinement and it is considered to play a key role in tokamak plasma performance. Plasma rotation can have a strong impact on plasma stability and confinement of fusion plasmas, through its ability to stabilize MHD modes [1] , affect the strength of transport barriers [2] , affect turbulence stabilization due to E Â B shear [3] , and reduce the profile stiffness in the presence of anomalous transport [4] . In present day experiments, rotation is often driven by the torques of neutral beam injection (NBI), while in an alpha-heated reactor the momentum input is expected to be small [5] . In reactors with high NBI power, the torque is still expected to be small due to the high injection energy needed for the beam to penetrate deep into the plasma, which reduces the torque per MW of injected power. Thus, there has been a growing interest in the intrinsic rotation of the plasma, which is observed to occur in the absence of momentum sources such as NBI. Besides its relevance for fusion reactors, the residual plasma rotation in confinement configurations, without momentum injection, is an interesting, and not yet understood, problem from a basic physics point of view that has attracted great theoretical and experimental interest in recent years. The extrapolation from intrinsic plasma rotation data observed in several machines suggests that a substantial rotation in the cocurrent direction, i.e., in the direction parallel to the plasma current, will occur in ITER [6] . However, an effect that is still to be accounted for when extrapolating intrinsic rotation observations to ITER comes from the toroidal ripple in the magnetic field, which appears in tokamaks due to the finite number of toroidal magnetic field coils. ITER will have 18 toroidal magnetic field coils and, a ripple amplitude ¼ B=B of 0.5% to 1.2% at the edge (depending on the configuration of ferritic inserts) [7] where B is the averaged toroidal magnetic field and B is the Fourier amplitude of the toroidal ripple. Since the ripple breaks the toroidal symmetry, the motion of individual particles may lead to nonambipolar transport that can affect the plasma rotation through the neoclassical toroidal viscosity [8] [9] [10] .
The effect of ripple on plasma rotation during NBI has been reported from JT-60 [11] and JET [12] . Evidence that ripple transport of fast ions induces edge counterrotation in plasmas with no external momentum input was found in JT-60 experiments with perpendicular NBI [11] . Ripple experiments at JET with NBI heating have shown that increasing ripple reduced rotation in plasmas with injected momentum parallel to the plasma current [12] . In some cases, countercurrent rotation was observed at the edge. The effect of the ripple was comparable in magnitude to the drive from tangential beam injection. However, torques from fast-ions' nonambipolar transport were not enough to completely explain the observations [13] , leaving open the question of the role of ripple on thermal ions. The effect of ripple on intrinsic rotation has been recently studied at JET, as reported here. In order to separate ripple fast-ion effects from thermal ion effects and to test existing ripple transport models, plasma rotation was measured in Ohmic and in ion-cyclotron radio-frequency (ICRF) heated plasmas with ITER-relevant ripple levels.
JET has 32 toroidal field coils and, therefore, a very low ripple level. However, due to a unique design feature, ripple can be increased by reducing the current carried in every second coil (Fig. 1) . The ripple is largest in the outboard of the plasma where the plasma is close to the toroidal magnetic field coils. At JET the ripple amplitude differs by 2 orders of magnitude between the plasma core and edge. Furthermore, the distance between toroidal field coils is larger on the outboard, than the inboard side. The
week ending 3 SEPTEMBER 2010 highest ripple inside the plasma is therefore often found at the separatrix near the outboard equatorial plane. Values quoted in this Letter are taken at R ¼ 3:80 m, Z ¼ 0 m, which is close to the maximum value. In standard operation with 32 coils the ripple amplitude is ¼ 0:08%. This was increased to ¼ 1:5%.
The intrinsic rotation ripple experiments were performed in deuterium for two plasma current values: I p ¼ 1:5 and 2.1 MA, with an average toroidal field at the center of hB T i ¼ 2:2 T, with unbalanced odd and even currents as shown in Fig. 1 . The short NBI pulses of 1.4 MW are for diagnostic purposes. The toroidal angular frequency rotation profiles were measured from charge exchange recombination spectroscopy (CXRS) of C þ6 [14] during these short NBI pulses, with an integration time of 10 ms. Since NBI at JET provides a cocurrent toroidal momentum source, only measurements taken within the first 20 ms were used, when NBI momentum was still negligible. In the convention used here, positive rotation means rotation in the cocurrent direction. The difference in toroidal rotation speeds of the D main ion and the C impurity [15] are estimated to be smaller than the CXRS measurement uncertainty [16] , which is showed in the figures as shaded areas. The charge exchange measurements in the plasma core were found to be consistent with the observed frequency and direction of propagation of MHD modes, that is the main ion frequency Doppler shifted by the frequency of the MHD instability.
With its usual ripple value, i.e., ¼ 0:08%, JET plasmas with low momentum input, namely, with ICRF [17] [18] [19] , lower hybrid [19] and Ohmic heating [20] are observed to rotate with small toroidal angular frequencies, typically ! 10 krad=s. For this low ripple level the edge is corotating independent of heating scenario. However, the core of JET plasmas without NBI is either co-or countercurrent rotating. The core of Ohmic plasmas is counterrotating [20] , while the core of ICRF heated plasmas is either counter-or corotating depending on plasma current [19] and heating details [18] .
The ripple effect on the rotation of Ohmic plasmas is illustrated in Figs. 1 and 2 . The temporal evolution of the central (R ¼ 3:1 m) and edge (R ¼ 3:8 m) toroidal rotation frequencies are shown in Fig. 1 . The initial central value that was negative, that is countercurrent rotating, became more negative as ripple increased, while the edge corotation decreased and for ripple values !1% edge countercurrent rotation is observed. Charge exchange toroidal rotation profiles indicated that the edge and core effects are of the same order. The core effect is also seen in the frequency and direction of propagation of sawtooth pre-and postcursor oscillations observed in the electron temperature signals around the sawtooth inversion radius [ Fig. 2(b) ]. [Poloidal counterrotation in Ohmic plasmas has also been observed to increase with ripple. However, since the time resolution (50-100 ms) is too slow, it is not possible to separate ripple effects on NBI fast ions from those on thermal ions.]
The ICRF experiments were performed with hydrogen minority heating in deuterium plasmas using a dipole antenna phasing. Since the toroidal field ripple can induce high heat fluxes of fast ICRF accelerated ions to plasma facing components [21] the operation was restricted to modest ICRF power, less than 4 MW, and to cyclotron resonances near the plasma core, or on the high-field side of the plasma. Figures 3(a) and 3(b) illustrate the observed effect of toroidal field ripple on ICRF heated plasmas with the ICRF resonance position slightly off axis on the highfield side (position No. 2 in Fig. 4 inset) . As the TF ripple increases, both the edge and the core of the plasma counterrotate. Unlike, the Ohmic plasmas where the effect is spatially uniform, the effect is larger in the plasma core. Experimentally, countercurrent rotation was found to depend on ripple, fast-ion losses associated to MHD modes, as well as on local plasma conditions and heating details. For the lower plasma current, I p ¼ 1:5 MA, H-mode plasmas were obtained. Core counterrotation was observed to be larger in phases with type III-ELMS as shown in Fig. 3(b) . It is not known how the ELM frequency in ELMy H modes affects the intrinsic rotation (as this would require edge CXRS measurements with a higher temporal resolution than available). Thus it is not clear if the difference in rotation between type I and type III-ELM regimes is a pedestal or a density effect. This counterrotation in the core of plasmas with I p ¼ 1:5 MA in type III-ELMs is a factor of 2 larger when compared with L-mode plasmas with I p ¼ 2:1 MA. It seems to confirm the result previously obtained with zero ripple where corotation increased with plasma current [19] . The effect of changing the position of the ICRF resonance was studied in L-mode plasmas with I p ¼ 1:5 MA. Figure 4 shows the rotation frequency profiles for pulses with 1.5% ripple. The largest edge and core counterrotation was observed when the ICRF resonance position was on the low-field side, i.e., where the ripple amplitude is stronger. This correlation between the ripple experienced by the fast ions and the rotation indicate that the fast ions receive a torque from the toroidal field coils.
The theory of plasma rotation with toroidal field ripple suggests that, by breaking the toroidal symmetry, the ripple induces radial particle diffusion, which in general is different for ions and electrons [22] [23] [24] . This nonambipolar transport gives rise to a charge separation that relaxes the radial electric field and the toroidal rotation toward a steady state where the particle flux is ambipolar. The steady state toroidal plasma rotation was calculated in Refs. [8] [9] [10] to be in the counter-current direction. The observations of counter-current rotation reported here are therefore consistent with this predicted direction.
Similar observations have been made on Tore Supra [25] . However, the ripple amplitude in Tore Supra is high enough for significant magnetic wells to form between the toroidal field coils. The transport in the Tore Supra experiments is therefore dominated by particles trapped in these wells [22, 24] . In machines such as JET or ITER, the ripple is lower and the wells are negligible. Instead the transport is driven by resonant interaction between the ripple and particles following banana orbits [8] [9] [10] 24] . Thus, the results observed here confirm the theoretical predictions under conditions relevant for ITER.
A neoclassical toroidal viscosity, similar to the one present in ripple experiments, can also be achieved by external application of low-n nonresonant magnetic per- 1.5% ripple turbations, where n is the toroidal mode number. In experiments with externally induced n ¼ 3 and n ¼ 1 perturbations, performed at DIII-D [26] and NSTX [27] , countercurrent rotation was observed due to the neoclassical toroidal viscosity. In DIII-D, the rotation was found to increase up to a value consistent with the neoclassical residual rotation as predicted in [8, 9, 28] . Thus, countercurrent rotation has been observed under a variety of conditions with nonaxisymmetric perturbations.
While the observations in JET were able to confirm the theoretically predicted direction of rotation, a comparison with the predicted rotation speed is not straightforward. The collisionality of the Ohmic heated pulses is at the lower limit of validity for the 1= transport regime [9] . According to the theory developed in this regime, the residual neoclassical carbon rotation near the edge (normalized radius ¼ 0:9, or R $ 3:8 m) of the 2.1 MA pulses shown in Fig. 2(b) is predicted to be ! ÃNC 1= ¼ 3:36= ðB Þ@ r T i $ À4:5 AE 2:6 krad=s, where the temperature is taken from CXRS measurements. This is about a factor 2 greater than the fastest rotation measured in Ohmic plasmas at R ¼ 3:8 m. Thus, in Fig. 2(b) , when the ripple amplitude is increased the rotation tends to slowly approach the residual rotation ! ÃNC 1= . This is consistent with the neoclassical theory in which the intrinsic rotation, the one present in the absence of ripple, is relaxed towards the residual rotation at a rate that is proportional to 2 [8, 9] . In the JET ICRF heated plasmas with enhanced ripple, the toroidal rotation change in the plasma core is larger than in the Ohmic plasmas indicating that the torque source in this case would be less edge localized and that fast-ion as well as thermal ion effects may be involved. In ICRF heated plasmas with ripple where core toroidal rotation becomes more and more negative an inward momentum pinch [29] could also be important. However, an inward pinch cannot explain the reversal of the rotation observed at midradius shown in Fig. 2(a) , also observed in ICRF heated plasmas at low plasma currents [19] .
In conclusion, ripple has a significant effect on the plasma rotation in the absence of external momentum sources. In both Ohmic and ICRF heated plasmas ripple causes counterrotation. At ITER-relevant ripple values of ¼ 0:5%, JET plasmas with ICRF heating are hardly rotating, while at ¼ 1%, both L and H modes are observed to counterrotate. These results do not fit the intermachine intrinsic rotation scaling of [6] . JET results suggest that ripple can affect rotation in ITER and, it should be taken into account in extrapolation from present data. This work, supported by the European Communities through ASSOCIATION EURATOM/IST, was carried out within the frameworks of the Instituto de Plasmas e Fusão Nuclear-Laboratório Associado and the European Fusion Development Agreement. It received financial support from Fundação para a Ciencia e Tecnologia (FCT), Portugal. The views and opinions expressed herein do not necessarily reflect those of the European Commission. We thank Professor R. Galvão for his comments. This work was done under the JET-EFDA workprogramme [30] .
